One sentence summary: We have characterized two NADPH-dependent methylglyoxal reductase with broad substrate specificities from Kluyveromyces marxianus strain DMB1, and discussed enzymatic role in the cells. Editor: Dieter Jahn
INTRODUCTION
In response to the decline in world petroleum reserves, several methods have been developed for converting biomass into various fuels, organic acids and other chemicals. One of the most cost-effective methods for industrial bio-based production is the utilization of lignocellulosic hydrolysate as microbial fermentation medium (Mills, Sandoval and Gill 2009 ). When hydrolysate is prepared from lignocellulosic biomass, hexose 
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116 (Guo, Bao and Ma 2014) . The sequences were aligned using ClustalW (Thompson, Higgins and Gibson 1994) and ESpript (Gouet, Courcelle and Stuart 1999) .
and pentose sugars are generated as main feedstocks for biobased products, but numerous aldehydes, which inhibit cell function, are simultaneously generated. For example, furfural and 5-hydroxymethylfurfural (HMF) are commonly found in lignocellulosic hydrolysates (Jarboe and Chi 2013), which cause membrane disruption, enzyme inhibition and DNA damage in the microbial cells present (Mills, Sandoval and Gill 2009) . Thus, development of a method for aldehyde detoxification would be a significant step toward implementation of efficient production of bio-based products. So far, few functional genes for aldehyde detoxification have been found, but the open reading frame YOL151w of Saccharomyces cerevisiae is regarded as a candidate gene. This gene encodes a NADPH-dependent methylglyoxal reductase (Gre2) that shows broad substrate specificity, and a strain overexpressing this enzyme exhibited improved ethanol fermentation in aldehyde-containing medium (Jayakody, Horie and Hayashi 2013) . Several YOL151w homologs have been identified in related species ( Fig. 1 ) and these enzymes also showed higher activities for several aldehydes (Akita, Watanabe and Suzuki 2015; Moon and Liu 2015) .
We recently reported the draft genome sequence from Kluyveromyces marxianus strain DMB1 (Suzuki, Hoshino and Matsushika 2014) . Within that sequence, we identified two YGL039w genes, which showed 42 and 44% identity with that encoding S. cerevisiae S288c Gre2 (Fig. 1 ). Anticipating that they likely encode useful aldehyde reductases, we purified and characterized both YGL039w gene products after overexpression in recombinant Escherichia coli cells.
MATERIALS AND METHODS
Construction of expression vectors
The two reductase genes were amplified with KOD-plus-DNA Polymerase (TOYOBO, Osaka, Japan) using K. marxianus strain DMB1 genomic DNA as template (strain number: HUT7412). Based on the two published YGL039w sequences (accession number: LC035077 and LC035078), appropriate primers, 5 -CATATGTCATACACGGTAATTACAGGCGCC-3 (the NdeI site is underlined and the initiation codon is in italics) and 5 -GGATCCTTATTCTGAGGAATGCCCCTGAC-3 (the BamHI site is underlined and termination codon is in italics), were designed. The PCR products were cloned into pTA2 vector (TOYOBO) and sequenced to check for PCR errors. The two genes were then excised from the resulting plasmid using NdeI and BamHI and subcloned into pET-16b (Novagen, Darmstadt, Germany) to give pET-16b/YGL039w1 and pET-16b/YGL039w2, respectively.
Expression of proteins
After the two YGL039w proteins were separately expressed in E. coli BL21 (DE3) cells harboring pET-16b/YGL039w1 or pET16b/YGL039w2, the two enzymes then purified to homogeneity. The cells were initially grown at 37
• C for 3 h in Luria-Bertani medium (1 L) containing 100 mg L −1 ampicillin, after which isopropyl β-d-1-thiogalactopyranoside was added to a final concentration of 1 mM, and the culture was incubated for an additional 3 h. The cells were then harvested, suspended in 20 mM Tris-HCl buffer (pH 7.9) containing 500 mM NaCl (buffer A) and 5 mM imidazole, and disrupted by ultrasonication. The resultant lysate was clarified by centrifugation (27 500 g for 15 min at 4
• C) and the crude extract was applied to a Chelating Sepharose Fast Flow column (20 mL; GE Healthcare, Buckinghamshire, UK) charged with Ni 2+ and equilibrated with buffer A containing 5 mM imidazole. After washing the column with buffer A containing 5 mM imidazole (40 mL) and then 60 mM imidazole (60 mL), the recombinant protein was eluted with buffer A containing 500 mM imidazole. The active fractions were pooled, concentrated using a Vivaspin 20 concentrator (10 000 MWCO, Sartorius AG, Göettingen, Germany) and loaded onto a HiLoad 26/60 Superdex 200 pg column (GE Healthcare) equilibrated with 20 mM Tris-HCl buffer (pH 8.0) containing 50 mM NaCl. The eluted active fractions were collected and dialyzed against 20 mM Tris-HCl buffer (pH 8.0), and the resultant dialysate was used for biochemical experiment.
Molecular mass determination
After protein samples were boiled for 5 min in EzApply (ATTO, Tokyo, Japan), SDS-PAGE was then carried out on a 10% polyacrylamide gel using the method of Laemmli (1970) . Protein bands were stained using EzStainAqua (ATTO). Molecular masses were determined by gel filtration column chromatography using a Superdex 200 Increase 10/300 GL column. Conalbumin (75 kDa), ovalbumin (43 kDa), carbonic anhydrase (29 kDa), ribonuclease A (13.7 kDa) and aprotinin (6.5 kDa) served as molecular standards (GE Healthcare).
Enzyme assay and protein determination
Enzyme activities were measured spectrophotometrically by monitoring the decrease in the absorbance at 340 nm caused by the reduction of aldehyde or the increase in absorbance caused by the oxidation of alcohol using a Shimadzu UV-2450 spectrophotometer (Shimadzu, Kyoto, Japan). The mixture (1 mL) used for the reductive reaction contained 100 mM citrate buffer (pH 6.0), 5 mM aldehyde, 0.2 mM NADPH and protein. The mixture (1 mL) used for the oxidative reaction contained 100 mM bicarbonate-NaOH (pH 10.0), 5 mM alcohol, 1.25 mM NADP + and protein. The reaction was started by adding the coenzymes, and the absorbance at 340 nm was monitored at 25
• C. The extinction coefficient of NADPH was 6.22 mM −1 cm −1 . One unit (U) of enzyme was defined as the amount of enzyme producing 1 μmol of NADPH per min at 25
• C in the reductive reaction.
Protein concentrations were determined using the method of Bradford (1976) . Bovine serum albumin was used as the standard.
Effects of pH and temperature on enzyme activity
The optimal pH values for the reduction of methylglyoxal were determined at 25
• C using 100 mM acetate (pH 4.5-5.5) and citrate (pH 5.5-6.5) buffers. The optimal temperatures were determined by measuring the reduction of methylglyoxal at temperatures ranging from 25 to 55
• C.
Effects of pH and temperature on enzyme stability
To assess their pH stabilities, the enzymes were incubated for 30 min at 35
• C in 50 mM concentrations of the following buffers:
acetate (pH 4.5-5.5), citrate (pH 5.5-6.5), phosphate (pH 6.5-8.0), borate-NaOH (pH 8.0-9.0), bicarbonate-NaOH (pH 9.0-11.3) and phosphate-NaOH (pH 11.3-12.3). The enzyme solutions were then rapidly cooled on ice, and the remaining activities were determined using the standard reduction assay.
To evaluate temperature stabilities, the enzymes were incubated for 30 min at 25-55
• C. The enzyme solutions were then rapidly cooled on ice, and the remaining activities were determined using the standard reduction assay.
Fluorescence-based thermal shift assay
Fluorescence-based thermal shift assays were carried out with a CFX96 Real-Time PCR System (Bio-Rad Labs, Hercules, CA, USA) using 470 ± 20 nm excitation and 570 ± 10 nm emission filters in a 96-well plate format (Lo, Aulabaugh and Jin 2004) . Each enzyme was prepared at a final concentration of 0.2 mg mL −1 in 20 mM
Tris-HCl buffer (pH 8.0). After diluting the SYPRO orange (5000-fold stock solution in dimethyl sulfoxide; Invitrogen, Carlsbad, CA, USA) 20-fold, the dye was added to the enzymes (total volume = 20 μL), and the fluorescence intensities were measured while temperatures were increased stepwise from 25 to 90
• C at a rate of 0.1 • C per second. The data were fitted to the Boltzmann equation, and the melting temperatures (T m ) were calculated using Bio-Rad CFX Manager software (Bio-Rad Labs).
Determination of kinetic properties
To determine the Michaelis constants (K m ) and k cat values for methylglyoxal and NADPH, the initial velocities of the reductive reactions were analyzed using the standard assay conditions. After the initial velocities were then plotted against the substrate concentration [methylglyoxal (0.05-15 mM) or NADPH (0.01-0.2 mM)], the K m and k cat values were determined by curve fitting using Igor Pro ver. 3.14 (WaveMetrics, Lake Oswego, OR, USA).
RESULTS AND DISCUSSION
Purification and molecular mass determination
In this study, we identified two aldehyde reductases (YGL039w1 and YGL039w2) from K. marxianus strain DMB1. After expression in E. coli cells harboring pET-16b/YGL039w1 or pET-16b/YGL039w2, each soluble protein was obtained from crude extract. The purified proteins were then isolated using two successive purification steps described in the section 'MATERIALS AND METHODS'. The purified proteins migrated as each single band on SDS-PAGE (Fig. 2) , indicating YGL039w1 and YGL039w2 have been purified to homogeneity. The protein yields for YGL039w1 and YGL039w2 were about 38 and 102 mg L -1 of E. coli culture, respectively.
Using Superdex 200 Increase 10/300 GL column gel filtration chromatography, the apparent molecular masses of YGL039w1 and YGL039w2 were determined to be about 35.8 and 36.9 kDa, respectively (data not shown). SDS-PAGE of the both purified proteins showed one major band of about 37 kDa, respectively (Fig. 2) . Theses results demonstrated that both native proteins exist as monomers.
Substrate specificity and kinetic properties
YGL039w1 and YGL039w2 each showed NADPH-dependent reductive activities toward at least nine aldehyde substrates (Table 1) , and their substrate specificities were similar. In particular, strong activities were observed toward linear aldehydes, such as 1-heptanal, valeraldehyde and 1-octanal, but neither enzyme showed activity toward HMF, propionaldehyde, d-alanine, l-alanine, d-lactate, l-lactate or pyruvate. Both enzymes exclusively used NADPH as the coenzyme for aldehyde reduction; NADH was inert. By contrast, neither enzyme exhibited NADP + -dependent oxidative activity toward corresponding alcohol analogs, including 1-hexanol, 1-heptanol, isoamyl alcohol, isobutanol, 1-octanol and 2-propanol. These results demonstrate that YGL039w1 and YGL039w2 encode NADPH-dependent aldehyde reductases with broad substrate specificities. When substrate specificities of YGL039w1 and YGL039w2 compared to that of K. marxianus YGL157w, both YGL039w enzymes showed higher activities for linear aldehydes, while K. marxianus YGL157w showed strong activities for branched-chain aldehydes (Akita, Watanabe and Suzuki, 2015) . These results suggest that YGL039w enzymes also contribute to the aldehyde detoxification in the cells. Actually, S. cerevisiae YGL039w-overexpressing strain showed growth improvement in aldehyde-containing medium (Moon and Liu 2015) . To determine the K m and k cat values for methylglyoxal and NADPH, initial reaction velocities at various concentrations were measured, and regression analyses were used to fit the data to the Michaelis-Menten equation (Supporting Information, Fig. S1 ). The kinetic properties are listed in Table 2 . As compared to YOL151w homologs (Murata, Fukuda and Simosaka 1985; Akita, Watanabe and Suzuki 2015) , the K m values were similar whereas the k cat values were slightly lower. In addition, amino acid sequence alignment showed that Asn10, Arg33 and Lys37 were completely conserved between YGL039w1 and YGL039w2. These three residues are also observed in S. cerevisiae S288c Gre2 (Fig. 1) and are known to interact with the C2-phosphate group of the adenine ribose of NADPH (Guo, Bao and Ma 2014) . This likely explains why these enzymes selectively utilize NADPH as the electron donor. In addition, Ser127, Tyr165 and Lys169 of S. cerevisiae S288c Gre2 are thought to play crucial roles during catalytic action (Guo, Bao and Ma 2014) . Those residues are conserved in YGL039w1 and YGL039w2 as Ser127, Tyr164 and Lys168; however, other residues involved in substrate recognition differ from those of S. cerevisiae S288c Gre2, which likely accounts for the different substrate specificities. The S. cerevisiae enzyme shows greatest activity toward aromatic aldehyde (Murata, Fukuda and Simosaka 1985) .
Effects of pH and temperature on enzyme activity and stability
At a temperature of 25
• C, the activities of both enzymes were maximal at pH 6.0 (Fig. 3a) . When the temperature dependences at pH 6.0 were examined, the activities of YGL039w1 and YGL039w2 were maximal at around 45 and 50
• C, respectively (Fig. 3b) . In addition, both enzymes retained more than 80% of their activities after incubation for 30 min in 20 mM Tris-HCl buffer (pH 8.0) at temperatures below 40
• C (Fig. 3c) . On the other hand, whereas YGL039w2 retained 26% of its activity after incubation for 30 min at 50 • C, YGL039w1 activity was completely lost at that temperature. Moreover, the effect of incubation time on the enzyme stabilities was also examined. When both enzymes were incubated at 45 • C, more than half of the activities were lost after incubation for 20 min (Fig. 3d) . When the pH stabilities of the two enzymes were evaluated based on the activities remaining after incubation for 30 min at 35 • C, both enzymes retained more than 70% of their activities at pHs between 5.5 and 11.3 (Fig. 3e) , but YGL039w2 showed slightly greater stability than YGL039w1.
To further evaluate the difference in the stabilities of YGL039w1 and YGL039w2, the T m values were determined in fluorescence-based thermal shift assays. In this assay, SYPRO orange dye binds to the exposed hydrophobic surfaces resulting from protein unfolding at the T m , which increases its fluorescence intensity (Lo, Aulabaugh and Jin 2004) . Consistent with the observed temperature and pH stabilities, the T m of YGL039w2 (48.5
• C) was higher than that of YGL039w1 (47.0 • C) (Fig. 4) . Structural studies of thermophilic proteins have suggested that hydrophobic interactions make an important contribution to the protein thermostability (Vieille and Zeikus 2001) . We think that YGL039w2 would have a somewhat larger number of intermolecular hydrophobic interactions than YGL039w1, and that this increase likely accounts for the greater stability. To test that idea, we are now endeavoring to solve the crystal structures of the two enzymes.
